Introduction
Chlamydia trachomatis, an obligate intracellular bacterial pathogen, is the leading cause of infectious blindness and trachoma in underdeveloped countries as well as the most prevalent cause of sexually transmitted disease worldwide (Schachter, 1978; Thylefors et al., 1995; Gerbase et al., 1998) . Chlamydia are phylogenetically distant organisms characterized by a high percentage of proteins of unknown function (hypothetical proteins). Type III secretion systems (T3SSs) are a common virulence determinant of pathogenic Gram-negative bacteria (Hueck, 1998) . The T3SS injectisome is an energy-dependent, unidirectional supramolecular syringe that facilitates the transport of host-altering effector proteins into the cytosol during infection (Galá n & Wolf-Watz, 2006) . Despite the fact that Chlamydia have been demonstrated to utilize T3SS during infection (Peters et al., 2007) , numerous factors essential to T3SSs have yet to be identified, including the needle-tip protein. The needle-tip protein localizes to the distal end of the T3SS apparatus, where it can sense environmental stimuli, controlling the secretion state of the injectisome (Espina et al., 2006; Olive et al., 2007; Stensrud et al., 2008; Barta et al., 2012) .
Previous work by our group has demonstrated that CT584 shares biophysical characteristics with other needle-tip proteins (Markham et al., 2009) , such as IpaD from Shigella flexneri (Johnson et al., 2007; Epler et al., 2012) and LcrV from Yersinia pestis (Chaudhury et al., 2013) . Since then, CT584 (or its homolog in C. pneumoniae, Cpn0803) has been implicated in protein-protein interactions with T3SS core components such as the putative needle protein CdsF (Spaeth et al., 2009) and both the T3SS ATPase CdsN and C-ring CdsQ (Stone et al., 2012) , and even as a T3SS chaperone, stabilizing a novel effector of unknown function CT082 (Pais et al., 2013) . The 2.0 Å resolution crystal structure of Cpn0803 has recently been reported, revealing a unique hexameric assembly (Stone et al., 2012) . Here, we report the refined structure of CT584 at 3.05 Å resolution, highlighting the structural similarities between CT584 and Cpn0803, despite the distinct tissue tropisms of each chlamydial species. Additionally, the interfaces involved in oligomer assembly are discussed in detail.
Experimental procedures

Protein expression and purification
The cloning, expression and purification of CT584 have previously been reported (Markham et al., 2009) . Briefly, CT584 was PCRamplified from C. trachomatis 434/Bu genomic DNA, restriction digested and ligated into pET-21b (Invitrogen). Following sequence confirmation, this vector was transformed into Escherichia coli BL21(DE3) cells, which were grown to an OD 600 of $1.0 at 310 K and induced overnight at 289 K with 1 mM IPTG. Cells were harvested by centrifugation, lysed with a sonicator and clarified by high-speed centrifugation. Immobilized metal-ion affinity and gel-filtration chromatography were utilized in order to obtain >95% homogenous protein, which was dialyzed into 40 mM Tris pH 8.0, 500 mM NaCl, 5%(v/v) glycerol and concentrated to 21.9 mg ml À1 .
Crystallization
Full-length recombinant CT584 proved recalcitrant to crystallization attempts. In situ proteolysis was utilized with purified CT584 and trace amounts of -chymotrypsin prior to screening for crystallization in Compact Jr (Emerald BioSystems) sitting-drop vapordiffusion plates at 293 K using equal volumes of crystallization solution and reservoir solution equilibrated against 75 ml of the latter. Prismatic crystals (Fig. 1a) were obtained in approximately 1-2 d from Natrix screen (Hampton Research) condition No. 27 [30%(v/v) PEG 8000, 50 mM sodium cacodylate pH 6.5, 200 mM ammonium acetate, 10 mM magnesium acetate]. Samples were transferred into a fresh drop containing 75% crystallization solution and 25% PEG 400 before cooling in liquid nitrogen for data collection. Diffraction data were collected on the Advanced Photon Source IMCA-CAT beamline 17ID using a Dectris PILATUS 6M pixel-array detector (Fig. 1b). 2.3. X-ray diffraction, data collection and processing X-ray diffraction data were integrated and scaled using the XDS (Kabsch, 2010) and SCALA (Evans, 2011) packages, respectively. The Laue class was checked with POINTLESS (Evans, 2006) , which indicated that most probable class was 3m with space group H32. The coordinates from a homologous structure, Cpn0803 (PDB entry 3q9d; Stone et al., 2012) , were used in a molecular-replacement search with et al., 2007) , searching for a single molecule in the asymmetric unit. Structure refinement and manual model building were performed with PHENIX (Adams et al., 2002 (Adams et al., , 2010 and Coot (Emsley & Cowtan, 2004; Emsley et al., 2010) , respectively. The Cpn0803 structure was used as a reference model during refinement. Structure validation was carried out using MolProbity ( . The crystal was exposed for 0.2 s over a 0.2 oscillation range. The edges of the detector correspond to 1.65 Å in the x axis and 2.40 Å in the y axis. 
, where I i (hkl) is the intensity measured for the ith reflection and hI(hkl)i is the average intensity of all reflections with indices hkl. ‡ R meas is the redundancy-independent (multiplicity-weighted) R merge (Evans, 2006) . § R p.i.m. is the precision-indicating (multiplicity-weighted) R merge (Weiss, 2001) . } R factor = P hkl jF obs j À jF calc j = P hkl jF obs j; R free is calculated in an identical manner using a randomly selected 5% of reflections that were not included in the refinement. 2010). Additional information and refinement statistics are presented in Table 1 .
Multiple sequence alignments and figure modeling
Multiple sequence alignments were carried out using ClustalW (Thompson et al., 1994) and were aligned with secondary-structure elements using ESPript (Gouet et al., 1999) . Three-dimensional structures were superimposed using the local-global alignment method (LGA; Zemla, 2003) . Representations of all structures were generated using PyMOL (DeLano, 2002) .
Results and discussion
The final model of CT584 was refined to 3.05 Å resolution in space group H32 with a single polypeptide in the asymmetric unit (Fig. 2a) . Strong model-map correlation was observed for residues Thr14-Thr180 (Fig. 2b) . However, the following solvent-exposed residues within loop regions of CT584 could not be modeled owing to poor electron density: Gln47-Gly48, Leu66-Gln73 and Ala110-Arg114. In addition, potentially owing to the use of limited proteolysis in order to crystallize CT548, residues at both the amino-terminus (Met1-Asn13) and carboxy-terminus (Lys181-Val183) could not be modeled due to poor electron density. Overall, the structure of CT584 is highly similar to the recently determined structure of Cpn0803 (PDB entry 3q9d; Stone et al., 2012) , an ortholog of CT584 from C. pneumoniae, with an r.m.s.d. of 0.55 Å over 152/175 C residues (Fig. 2c) as determined using the LGA server (Zemla, 2003) . Given the high level of sequence identity between these two proteins (88.8% of the aligned region), the observed structural similarity is not surprising. In contrast, the structure of CT584 aligns very poorly with that of LcrV from Y. pestis (PDB entry 4jbu; Chaudhury et al., 2013) , with an r.m.s.d. of 3.13 Å over just 47/152 C residues, suggesting that CT584 is either not a bona fide T3SS needle-tip protein or that this function has been retained in the absence of structural conservation.
The structure of CT584 (Fig. 2a) consists of a four -helix bundle at the N-terminus (1-2-3-4; residues Phe15-Ala27, Thr33-Cys45, Gln50-Asn62 and Gln75-His96, respectively), followed by a threestranded antiparallel -sheet (1-2-3; residues Asn102-Leu109, Val116-Arg123 and Gly126-Thr133, respectively) and finally two -helices arranged in a kinked antiparallel manner at the C-terminus (5-6; residues Val135-Lys154 and Pro156-Leu179, respectively). This kink bends 6 by nearly 82 (as measured through the C atoms of Glu163, Glu164 and Glu167; Fig. 2a ) and forms a dimerization interface with the twofold crystallographic symmetry mate. Given the absence of Pro residues within this region of 6, it appears that electrostatic interactions between Asp168 and His140/Arg143 (detailed below) stabilize this noncanonical kink (Barlow & Thornton, 1988) . The overall topology of CT584 is 1-2-3-4-1-2-3-5-6. Crystal structure of CT584 (residues Thr14-Thr180) refined to 3.05 Å resolution. (a) A single polypeptide is found in the asymmetric unit. The cartoon ribbon format is colored according to secondary structure, with -helices in orange and -strands in cyan. Loop regions that were unmodeled owing to poor electron density are represented by dashed lines and the solid arrow highlights the -bulge. (b) OMIT F o À F c weighted electron-density map (contoured at 3.0, omitting residues 95-100 and 123-127), calculated using PHENIX (Adams et al., 2002 (Adams et al., , 2010 Despite the presence of a single polypeptide in the asymmetric unit, the most likely oligomeric state of CT584, as predicted using the protein-interface server PISA (Krissinel & Henrick, 2007) , was that of a dimer and a hexamer. The dimeric state of CT584 (Fig. 3a) is formed with a polypeptide related by a crystallographic twofold operator (Àx, Àx + y, Àz + 1). The C-terminal two-helix bundle of each polypeptide intercalates with the other, burying 2837.9 Å 2 of each monomer, or nearly 25% of the available surface area contributed by each polypeptide. A network of electrostatic interactions and hydrogen bonds stabilizes this interface through a set of paired side chains from each twofold crystallographic symmetry mate (Fig. 3b) . Additional hydrophobic interactions are observed throughout the antiparallel -sheet and -helix bundle that further stabilize the dimeric state of CT584. Within the intercalated two-helix bundles, side chain-side chain interactions occur between each polypeptide. Asp168 of 6 forms salt bridges with the guanidinium group of Arg143 and the imidazole group of His140 as well as a hydrogen bond to the sulfhydryl group of Cys139, all of which are located on 5 of the neighboring symmetry mate. A hydrogenbonding network, primarily backbone-backbone interactions between the side chain of Arg123 and Glu99 O, between Met132 O and Ile101 N and between Met132 N and Leu130 O, between antiparallel -sheets further stabilizes the dimer interface. In the 47 available sequences of CT584 orthologs ( Supplementary Fig. S1 1 ), all of the aforementioned amino acids are invariantly conserved, with the exception of those involving backbone interactions and Asp168, which is also an acidic residue (Glu) in C. pneumoniae strains. While this level of conservation supports the biophysical importance of dimerization to protein function, there is an extensive level of overall sequence conservation (>80% identity) among all Chlamydiaceae orthologs (Supplementary Fig. S1 ). Also of note, the sequence of the encoded CT584 protein is highly conserved but is found only within the Chlamydiaceae family and is not encoded by other species within the Chlamydiae phylum (e.g. Parachlamydiaceae). Associated species of this family predominately infect mammals and birds, suggesting a more specific biological role within these hosts.
The CT584 hexamer is composed of a trimer of dimers, with each dimeric assembly related by the crystallographic threefold operators (Ày, x À y, z) and (Àx + y, Àx, z). While this trimeric dimer interface only buries $5% of the available polypeptide surface area (625.1 Å 2 ) at each of the six symmetrical sites, numerous hydrogen bonds and a single salt bridge stabilize hexameric CT584 (Fig. 4b) . These interactions occur between each antiparallel -sheet and 2, with Arg36 forming electrostatic interactions with Asp107 as well as hydrogen bonding to Thr105. Further interactions within this region include Asn102-Glu37, Glu128-Thr33 (backbone and side chain) and Glu128-Tyr32 backbone bonding. Finally, a single hydrogen bond between Lys24 of 1 and the backbone O atom of Val82 stabilizes each four--helix bundle to its symmetry mate. This final interaction occurs at a kink in 4 introduced by a -bulge (Fig. 2a) , which results from the insertion of an extra amino acid into an -helix and is commonly found at functional sites within proteins (Weaver, 2000) . As seen for the CT584 dimer interface, all of these amino acids are invariantly conserved ( Supplementary Fig. S1 ), with the exception of Val82 (Ala or Thr in other chlamydial orthologs). This suggests that the structural nature of this -helix (i.e. the presence of a -bulge and the resulting kinked -helix) is more important than the type of side chain that is present. Given the high degree of structural similarity between the CT584 hexamer and the Cpn0803 hexamer (Supplementary Fig. S2 ; Stone et al., 2012) , the biological unit of CT584 appears to exist in a hexameric state (Fig. 4a) rather than only as a dimer, which is supported by previous size-exclusion chromatography of CT584 (Markham et al., 2009) .
CT584 would seem to be most stable in dimeric and hexameric assemblies (Fig. 4c) based upon the lowest energy ÁG values as judged by PISA. Thus, it appears likely that CT584 assembles as a trimer of dimers rather than a dimer of trimers, which is consistent with the reported oligomeric assembly of Cpn0803 (Stone et al., 2012) . Unfortunately, the structure of CT584 provides relatively little information with regard to insight into its biological role or functional annotation within Chlamydia. Monomeric, dimeric and hexameric forms of CT584 were used to search for structurally related motifs within proteins deposited in the Protein Data Bank using the DALI server (Holm & Rosenströ m, 2010) . The only statistically significant hit (Z-score > 8.0) was Cpn0803, the previously mentioned C. pneumoniae ortholog. As previously highlighted, numerous reports have demonstrated protein-protein interactions between CT584 and T3SS-related proteins, including both apparatus components and putative effectors. While structural homology does not support a role as either T3SS machinery or as a chaperone, a hypothesis confluent with these previous reports is that CT584 is a secreted effector protein. secretion system, folding and proper assembly of the oligomeric structure will likely depend on local concentration and interactions with host cell partners. Future studies to determine whether CT584 is secreted in a T3SS-dependent manner and what oligomeric state is adopted following secretion will be very informative in regard to the potential biological function and relevance of the reported hexameric structure.
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